The fatty acid desaturase (FADS) genes code for the rate-limiting enzymes required for the biosynthesis of long chain polyunsaturated fatty acids (LCPUFA). Here we report discovery and function of a novel FADS1 splice variant. FADS1 alternative transcript 1 (FADS1AT1) enhances desaturation of FADS2, leading to increased production of eicosanoid precursors, the first case of an isoform modulating the enzymatic activity encoded by another gene. Multiple protein isoforms were detected in primate liver, thymus, and brain. In human neuronal cells, their expression patterns are modulated by differentiation, and results in alteration of cellular fatty acids. FADS1, but not FADS1AT1, localizes to endoplasmic reticulum and mitochondria. Ribosomal footprinting demonstrates that all three FADS genes are translated at similar levels. jlr
encodes a 501 aa peptide. This new larger peptide contains 65 aa more than the classical delta 5 desaturase protein (444 aa) yet the function of it is not known.
We recently showed the first alternative transcripts (AT) for FADS2 and FADS3, generated by alternative splicing events and expressed in a tissue specific manner in a primate (neonate baboon) (25, 26) . They are conserved in several mammals and the chicken, and exhibit reciprocal changes in gene expression in response to human neuronal cell differentiation (25) (26) (27) . To investigate whether FADS1 is also subject to alternative splicing, we performed both 5' and 3' rapid amplification of cDNA ends (RACE) using gene specific primers from baboon FADS1 (GenBank Acc#EF531577).
Here, we show unambiguous evidence of the existence of several FADS1 mRNA isoforms generated by alternative transcription initiation, alternative selection of Poly A sites and internal exon deletions resulting from alternative splicing. Our studies reveal that a FADS1 isoform enhances FADS2 activity, the first known function for a FADS isoform, and the first example of an AT from one gene regulating the activity coded by an adjacent gene. These data are consistent with ∆6-desaturase enhancement of desaturase activity by a lipoprotein-like protein reported in the 1980s (28) . Additionally, we present the detection of protein isoforms in neonate tissues and mammalian cells, protein isoform expression and fatty acid changes during cell differentiation, isoform specific subcellular localization, and that all three FADS genes are translated at similar levels in mouse embryonic fibroblasts.
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Materials and methods
Studies on baboons were approved by the Cornell University and Texas Biomedical
Research Institute (formerly the Southwest Foundation for Biomedical Research)
Institutional Animal Care and Use Committees.
RNA isolation and preparation of RACE-ready cDNA Neonate baboon liver tissue from a 12 week old baboon treated with RNAlater and stored at -80°C since necropsy was used to isolate total RNA and the RNA quality was assessed as described previously (25) . First-strand 5'-RACE ready cDNA and 3'-RACE ready cDNA was prepared as per the manufacturer's recommended protocol provided with SMARTer TM RACE cDNA amplification kit (Clontech Laboratories, Mountain View, CA).
Rapid Amplification of cDNA ends (RACE)
RACE was performed by using the SMARTer TM RACE cDNA amplification kit (Clontech Laboratories, Mountain View, CA). We performed both 5' and 3' RACE using baboon FADS1 (GenBank Acc#EF531577) gene specific primers in order to identify the transcription initiation, splicing and poly A sites. For the 5' RACE reactions we used the antisense primer 5'-TGGAAGTGCATGTGGTTCCACCAA-3' and for the 3' RACE reactions we used the sense primer 5'-TGTGTTCTTCCTGCTGTACCTGCT-3'. The PCR reactions were performed by using the Advantage 2 PCR enzyme system. 5' and 3' RACE amplified products were run on 2% agarose gels. Several products were seen on the gel. Each amplified product is sliced carefully from the gel and DNA was by guest, on www.jlr.org Downloaded from extracted using PureLink TM gel extraction kit (Invitrogen, Carlsbad, CA). The gel purified products were cloned into pGEM-T Easy vector (Promega, USA) and sequenced at 
Fatty acid analysis
Fatty acid methyl esters (FAME) preparation and structural identification of FAME was carried out as described earlier (18) . Briefly, cells are isolated and total fatty acids hydrolyzed and converted to FAME by a one step reaction mixture. Structures are identified by gas chromatography covalent adduct chemical ionization tandem mass spectrometry (GC-CACI-MS/MS) which provides positive structural assignments of double bond positions for all monoene and homoallylic FAME, for low abundance FAME (29). Quantitative analysis was performed with GC coupled to a flame ionization detector using an equal weight mixture for response factor calibration.
FADS1 transcript expression in baboon tissues and human cells
Expression levels of FADS1 transcripts was measured using cDNA from 9 normal tissues from a 12 weeks old baboon neonate and three human cell lines by RT-PCR.
cDNA from baboon tissues is from a previous study (25) . RT-PCR analysis was performed using primers designed from unique regions specific for each transcript.
Primer sequences will be provided upon request. RT-PCR reactions were carried out using 1 μM of each primer, 0.25 mM each of dNTPs, 1. 
Translation of FADS transcripts in mouse cells
MEF cells were first treated with cycloheximide (100 µg/ml) for 3 min at 37°C to free the translating ribosomes on mRNAs. Cells were then harvested by ice-cold polysome lysis buffer (10 mM HEPES pH 7.4, 100 mM KCl, 5 mM MgCl2, 100 µg/ml cycloheximide, 5 mM DTT, 20 U/ml SUPERaseIn, and 2% Triton X-100) followed by profiling using 10-50% sucrose gradient. Polysome fractions were collected and treated with RNase I to digest the mRNA segments non-protected by ribosomes. The ribosome-protected fragments were enriched and converted into a DNA library suitable for Illumina sequencing. Qualified sequencing reads were aligned to the cDNA database using SOAP2-based mapping software allowing up to 2 mismatches.
Results
We cloned and sequenced the entire coding region of baboon FADS1 (GenBank accession# EF531577). The baboon FADS1 coding sequence shares 97% identity with the human FADS1 sequence as well as exon architecture. 5' and 3' RACE was performed using FADS1 gene specific primers.
5' RACE
5' RACE PCR experiments generated four products. The long base pair (bp) product was prominent on the ethidium bromide-stained agarose gel, whereas, the remaining three products were weakly visualized. All the four gel purified products were 
In-Silico Analysis
In-silico analysis of the 5'-/3' RACE sequences for FADS1 show that they have at least four 5'-UTRs and several 3'-UTRs of varying length (GenBank Accession numbers JF518968, JF518969, JF518970, JF518971, JF518972, JF518973, JF518974 and JF518975). Putative coding regions of these transcripts were predicted using ORF finder software. The four conserved functional features of most PUFA desaturases are an N-terminal cytochrome b5 domain and three histidine motifs "HXXXH, HXXHH and QXXHH", conserved from humans to microalga (31) . The amplicon that starts at TSS1
can uniquely be translated from the exon 1 to produce a protein product with 444 aa, retaining all the four conserved desaturase domains: a cytochrome b5 domain and three histidine motifs. However, the in-frame translation start site for TSS2 and TSS3
amplicons, located within exon 2, all have identical protein coding sequences. They produce 360 aa proteins lacking the N-terminal cytochrome b5 domain ( Figure 2 ).
We also found a 2603 bp transcript generated by internal exon deletions using 3' RACE.
This transcript has a truncated exon 6, skips exons 7-11, and truncated exon 12. For this splice variant, ORF finder predicts a 270 aa protein using TSS1. The 270 aa protein retains the cytochrome b5 domain and the first two histidine motifs, losing the third due to splicing (Figure 2 ). Our screening did not identify the novel NCBI annotated transcript which codes for a predicted 501 aa protein.
Novel FADS1 isoform enhance FADS2 activity
Stable FADS1AT1 MCF7 cells were generated to determine the functional role of novel FADS1AT1 had no effect on the activity of FADS1 (Figures 3C and 3D) . Table 1 shows that 20:3n-6 → 20:4n-6 was 10. FADS2-transfected vector-only cells gained ∆6-desaturase activity to generate the expected 18:3n-6 product, and also converted 20:2n-6 to 20:3n-6 via ∆8-desaturation ( Figure 4C) . When FADS1AT1 cells were transfected with FADS2 DNA, production of 18:3n-6 via ∆6-desaturation more than doubled ( Figure 4D) . Moreover, the ∆8-desaturation product 20:3n-6 synthesized via ∆8-desaturation of 20:2n-6 also increased significantly, while apparently depleting 20:2n-6 substrate. Table 2 shows that 18:2n-6 → 18:3n-6 was 3.1 ± 0.4% in FADS2 + vector cells, compared to 7.8±1.9% in FADS2 + FADS1AT1 cells, a ratio of 2.5-fold. We also found that 18:2n-6 is elongated to 20:2n-6
and ∆8-desaturated to 20:3n-6, with an apparent conversion of 45±2% in FADS2 + vector cells, compared to 71 ± 0.2% in FADS2 + FADS1AT1 cells, a ratio of 1.6-fold.
Expression of FADS1 transcripts in neonate baboon tissues and human cells
To determine tissue-specific expression levels of the transcripts initiated from TSS1 (FADS1CS) and TSS2 (FADS1AT1), we performed RT-PCR analysis using transcriptspecific primers. The transcripts initiated from TSS3 have very short 5' UTRs embedded within the exon 2; it is not possible to check the expression levels of these transcripts as the sequence overlaps with the TSS1 transcripts. FADS1CS expression is higher than FADS1AT1 in all the tissues and human cells examined ( Figure 5A and 5B). No amplification product was detected in skeletal muscle and expression in spleen was very low for FADS1AT1. A trace FADS1AT1 band is visible in MCF-7 and SK-N-SH (NB) cells.
FADS1 protein detection by Immunoblot
To determine whether the newly identified FADS1 mRNA transcripts encode a protein expressed in tissue, we performed immunoblot analysis using protein lysates extracted from baboon neonate liver, brain and thymus tissues and three human transformed cells (HepG2, MCF-7 and NB). An immunogen directed against the C-terminal third histidine motif was selected because the new putative protein isoform does not contain the Nterminal Cytochrome b5 domain; this immunogen was predicted to recognize both the classical and the putative isoforms. We detected two prominent (42 and 48 kDa) and two faint products (54 and 65 kDa) in liver, two prominent (48 and 65 kDa) and one faint product (60 kDa) in brain and one prominent (48 kDa) product in thymus ( Figure 6A ).
We also found 42 kDa and 48 kDa products in HepG2 and MCF-7 human cells. A significant observation is increased expression of the 65 kDa product in these cells, compared to the tissues ( Figure 6B ).
Previously, we showed reciprocal changes in FADS3 alternative transcript expression changes in undifferentiated vs. differentiated NB cells (25) . We carried out similar cell differentiation experiment and performed Western blot to check for isoform expression differences. We detected 54 kDa FADS1 protein isoform to be highly expressed in undifferentiated cells, whereas, no product is seen in differentiated cells ( Figure 7A ). To We also report a complex functional gene structure of primate FADS1 resulting from alternative promoter usage and transcription initiation, alternative use of Poly A sites and alternative splicing generating multiple mRNA transcripts and protein isoforms.
Previously, a single FADS1 transcript was known in mammals (24); we had previously reported that FADS3 encodes several splice variants that arise from alternative splicing of internal exons, and a splice variant of FADS2 arises from deletion of internal exons.
The majority (74%) of splicing events are reported to occur in coding regions, followed by the 5' UTR (22%) and 3' UTR (4%) (37) .
UTR heterogeneity is striking, with identification of at least four 5' UTR and seven 3' UTR variants, while only one new transcript has internal exon deletions. 5' UTR heterogeneity leads to alternative promoter usage, either encoding identical protein isoforms or different protein isoforms with distinct functional activities (38, 39) .
Alternative promoter usage and 5' UTR heterogeneity can impact tissue-specific expression, translational efficiency, generate protein diversity (38, 40) , and is widely represented in genes that are involved in transcription regulation and development (41) . We also identified at least seven distinct 3' UTR variants for FADS1. In mammals, mRNA polyadenylation functions in mRNA stability, translation, transport and processing (43) . In mammals several highly conserved hexamer sequence variants exist upstream of the polyadenylation sites (44) The tissue and cell-specific expression of FADS1CS and FADS1AT1 transcripts can be attributed to utilization of distinct promoter elements. The ubiquitously expressed FADS1CS shows greater expression in most tissues than that of FADS1AT1, possibly be due to stronger promoter activity. Protein isoforms generated by alternative use of promoters can exhibit opposing biological functions. For instance, for tumor suppressor p53 gene, the full length isoforms promote cell cycle arrest, and apoptosis, whereas, the truncated isoforms promote proliferation(49).
Additionally, we detected multiple protein isoforms of FADS1 in primate tissue using a C-terminal human FADS1 antibody. Considering the protein coding cDNA sequence of baboon FADS1 (GenBank accession# EF531577) we predicted a protein size of 52 kDa using the protein molecular weight calculator <http://www.sciencegateway.org/tools/proteinmw.htm>. However, we found a smaller molecular size product of 48 kDa in all the three tissues, with highest expression in liver followed by thymus and brain. This shorter product may be due to protein degradation The other significant products that we observed are 54 kDa, 60 kDa and 65 kDa protein isoforms, but 5' and 3' RACE experiments did not successfully identify corresponding transcripts. A comprehensive analysis by using RNA-Seq technique may reveal FADS1
isoforms. However, in HepG2 and MCF-7 cells, the 65 kDa isoform is preferentially expressed compared to the 48 kDa and 42 kDa isoforms; this expression pattern was not observed in undifferentiated and differentiated NB cells. The isoform expression pattern appears to be tissue and cell type-dependent, presumably based on tissue and cell-specific splicing mechanisms. In undifferentiated NB cells the 54 kDa isoform induction is directly related to an increase in AA, the metabolic product of FADS1CS.
This particular isoform may be under specific control based on developmental stage.
It is well known that desaturation and elongation steps localize to the endoplasmic reticulum (ER)(52), but they have been suggested over the years to occur in other organelles as well (32) . Data implicating mitochondrial involvement in 22:6n-3 biosynthesis, requiring FADS2, has been appeared periodically (33, 53) , and desaturation has been reported in nuclei (54) . Here we show for the first time molecular evidence that FADS1CS is localized to the mitochondria by live cell imaging and subcellular fractionation using a GFP tagging system and immunoblotting. The presence of N-terminal mitochondrial targeting sequence "MAPDPVAAKTPVQGPTPRYFTWDEVAQ" and the cleavage site at amino acid position 28 with a probability score of 0.1624 as predicted by MitoProt II (55) for FADS1CS is consistent with mitochondria localization. Our failure to observe FADS1AT1 in the mitochondria may be because the N-terminal region is deleted due to splicing in FADS1AT1.
We show here that all three classical FADS transcripts are translated at similar levels in mouse embryonic fibroblast cells, implying that they are essential components during early development. Recently, it has been shown that FADS1 is highly enriched in hatched blastocysts (56) . Moreover, FADS2 and FADS3 were found to be upregulated greater than two fold at the implantation sites in mice (57) . Though no biochemical function has been reported for FADS3, these data further support protein detection studies (50) showing that FADS3 is a functional gene, and not a "cryptic", non-coding gene.
The first observation that FADS1 produces several mRNA isoforms, shows that all three genes in the FADS gene cluster do so. The newly identified transcripts are generated by alternative transcription initiation, alternative selection of Poly A sites and internal exon deletions resulting from alternative splicing. We also show the positive detection of 10,13,16,19-docosapentaenoic acid to 4,7,10,13,16,19-docosahexaenoic 
